Abstract 23 The mammalian placenta is both the physical interface between mother and fetus, and the source 24 of endocrine signals that target the maternal hypothalamus, priming females for parturition, 25 lactation and motherhood. Despite the importance of this connection, the effects of altered 26 placental signaling on the maternal brain are understudied. Here, we show that placental 27 dysfunction alters gene expression in the maternal brain, with the potential to affect maternal 28 behavior. Using a cross between the house mouse and the Algerian mouse in which hybrid 29 placental development is abnormal, we sequenced late gestation placental and maternal medial 30 preoptic area transcriptomes and quantified differential expression and placenta-maternal brain 31 co-expression between normal and hybrid pregnancies. The expression of Fmn1, Drd3, Caln1 32 and Ctsr was significantly altered in the brains of females exposed to hybrid placentas. Most Introduction 39 The placenta is a unique, transient organ shared by two organisms. Placental morphology is 40 surprisingly diverse across vertebrates and is subject to rapid evolutionary change and 41 convergent evolution (Blackburn 1993; Reznick et al. 2002; Roberts et al. 2016 ; Armstrong et al. 42 2017). In most eutherian mammals, including mice and humans, successful blastocyst 43 implantation relies on endometrial invasion by the embryonic trophoblast cells that give rise to 44 the mature placenta (Cross et al. 1994 ). As such, the placenta provides the closest physical and 45 molecular link between mother and offspring seen in any animal (Wagner et al. 2014 ). This 46 intimate connection promotes an array of maternal-fetal interactions, including bidirectional 47 hormonal regulation and even the exchange of entire cells. These interactions are not spatially 48 limited, but extend to both the fetal and the maternal brain (Bridges et al. 1996 ; Ladyman et al. 49 2010; Boddy et al.2015) . 50 Throughout pregnancy the placenta mediates the regulation of resource allocation, 51 immune tolerance, fetal development and, importantly, hormonal priming of the maternal brain. 52 A key subset of placenta-secreted molecules are involved in priming maternal physiology for 53 parturition and lactation, and promoting the onset of maternal behaviors in late gestation 54 (reviewed in Bridges 2015; Creeth et al. 2018) . In rodents, the medial preoptic area (MPoA) in 55 the hypothalamus is thought to be the primary neural target of these placental molecules (Bridges (Numan and Insel 2003) . 61 signaling has not been considered. 110 The characteristics of this classic system, together with the availability of high quality 111 genomes for both parental species (Keane et al. 2011), make the cross between Dom and Spret an 112 excellent model in which to explore the effects of placental disruptions on the maternal brain. By 113 comparing MPoA expression between females of the same species that differ only in the type of 114 pregnancy/placenta they experience (hybrid vs. conspecific), we specifically isolate the effect of 115 placental gene expression differences on the maternal brain ( Fig. 1 ). Characterization of altered 116 gene expression at the maternal-fetal interface provides insight into the mechanisms of maternal-117 fetal communication, the contribution of the paternal genome to this interaction, and identifies 118 promising candidate genes for future evolutionary and biomedical work. 
Results
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To study the relationship between placenta and maternal MPoA on a molecular level we 122 produced three crosses resulting in three types of pregnancy: Dom x Dom (Dom pregnancy, n=5, 123 litter size range = 4-6, sex ratio range [proportion males] = 0.3-0.6), Dom x Spret (hybrid 124 pregnancy, n=5, litter size range = 3-6, sex ratio range = 0.3-1.0) and Spret x Spret (Spret 125 pregnancy, n=5, litter size range = 5-6, sex ratio range = 0.2-0.8) (in all crosses, female is first). 126 For each type of cross we produced 5 biological replicates and extracted the maternal MPoA and 127 placentas from each pregnant female in late gestation at embryonic day (e) 17.5. During late 128 gestation the effect of placental signaling on the maternal MPoA is specifically important for the 129 onset of maternal care at parturition (Bridges et al. 1996 ; Mann and Bridges 2001; Larsen and 130 and embryo size we corrected weights for litter size. Hybrid placentas weighed significantly less 133 than placentas of both parental species with no significant differences between parental species 134 (One-way ANOVA (Females): F(2)=56.95, p<0.001, Tukey HSD: Hybrid-Dom: diff=-0.1, 135 p<0.001, Hybrid-Spret: diff=0.1 , p<0.001, Dom-Spret: diff=0.002, p=0.97). We sequenced the 136 maternal MPoA transcriptome and the placental transcriptomes of 1 male and 1 female per 137 mother (n=9-10/type of pregnancy, in hybrid pregnancies one litter consisted of only males, thus 138 n=4 for females), and evaluated differential expression between all pregnancy types ( Fig. 1) . 139 Because the maternal brain is exposed to the placental signals of both sexes simultaneously, male 140 and female placental expression was analyzed jointly. Additionally, we assessed co-expression 141 between the two tissues for each type of pregnancy and determined the differences in co-142 expression between pregnancy types ( Fig. 1 Fig. S3 , Supplemental Dataset S1). Hybrids clustered slightly closer to Dom samples in the 167 diagnostic PCA plot ( Supplementary Fig. 4 ). 168 To explain hybrid placental phenotypes that are not intermediate to both parents, genes 169 with transgressive expression are of specific interest. We found 275 genes that were expressed at 170 higher, and 167 at lower, levels in hybrids compared to both parental species ( Fig. 2A ).
171
Transgressively higher expressed genes were significantly enriched for B-cell receptor activation 172 and integrin cell surface interaction pathways ( Fig. 2S , Supplemental Dataset S1). Interestingly, 173 transgressively lower expressed genes were enriched for prolactin and growth hormone receptor 174 signaling, ERBB signaling, and cytokine signaling in immune system, among others ( Fig. 2A , 175 Supplemental Dataset S1). Many Prls are involved in these pathways, along with other genes. 176 PSF genes were highly overrepresented among DE genes in hybrids compared to both Dom 177 (Fisher's exact test: p<0.001, odds ratio = 5.65) and Spret (p<0.001, odds ratio = 3.41). Multiple 178 members of these gene families were misexpressed in the hybrid placenta, with the majority 179 being expressed lower compared to both parental species (14 transgressively lower, 7 DE 180 intermediate) (Table 1) . 181 Notably, approximately twice as many genes in hybrid placentas were uniquely DE 182 relative to Spret (3,271) as opposed to Dom (1,659) ( Fig. 2A) . Thus, the general expression 183 pattern in hybrid placentas was more similar to the maternal species. Dom-like expressed genes 184 were enriched for multiple immune related pathways, together with angiogenesis, vascular 185 development and hemostasis related terms, among others (Supplemental Dataset S1). 186 Genes with a Spret-like expression pattern in hybrid placentas are of particular interest, 187 since these have the potential to alter communication with the Dom maternal brain. Of the 1,659 188 genes with Spret-like expression ( Fig. 2A) , 12 were PSF genes and 6 were IGs (Tables 1 and 2) . 189 Spret-like expressed genes in the hybrid were enriched for WNT signaling and extracellular 190 matrix organization pathways, among others ( Fig. 2A 219 Among the misexpressed genes in the hybrid placenta we noticed several that are also 220 misexpressed in the human pregnancy pathology preeclampsia. Although mice do not develop 221 preeclampsia, preeclampsia-like phenotypes can occur and several rodent models have been 222 developed to study key symptoms such as hypertension, proteinura, and altered inflammatory 
Overlap of placental DE genes with genes involved in preeclampsia
Co-expression between the placenta and MPoA
275
The MPoA is thought to be an important target of placenta-secreted molecules and we found the 276 placenta-specific gene, Ctsr, to be expressed in the maternal MPoA during hybrid pregnancies. 277 Therefore, co-expression between placenta and MPoA is of particular interest. We determined 278 the level of placenta-MPoA co-expression for the three pregnancy types (hybrid, Dom, Spret), 279 and assessed differences between them. 280 10,839 genes were co-expressed between placenta and MPoA in all 3 comparisons. 172 281 genes were only co-expressed in Dom and 494 only in Spret pregnancies ( Fig. 4 337 and Mus pahari (Pah)). CodeML fits alternative models to the data; the best-fit model is chosen 338 based on likelihood ratio tests (LTRs). The two main models tested were M0, one evolutionary 339 rate for the whole tree, and MC, selected branches (foreground) evolve at a different rate than the 340 rest of the tree (background). 341 For all three genes, we found evidence for positive selection on Dom (Prl8a6) or Spret 342 branches (Ctsr), or both (Tpbpb) (Fig. 5 , Supplemental Table S1 ). Specifically, there was Supplemental Table S1 ). In Mus m. domesticus females carrying hybrid litters we found altered placenta-specific gene 372 family expression in the placenta, and in the maternal MPoA. Surprisingly, the expression of 373 these genes was highly correlated between the two tissues, and was Mus spretus-like in the 374 MPoA. This suggests that paternally inherited alleles in the placenta exert substantial influence 375 on expression in the maternal brain. Collectively, our results reveal reciprocal effects of mothers 376 on offspring and offspring on mothers, mediated in both cases by the placenta. We discuss these 377 findings in light of maternal-fetal coevolution and parental conflict, and identify potential 378 implications for placental pathologies. The effects of hybrid placental dysfunction on the maternal brain 433 Altered signaling in hybrid placentas has the potential to affect the maternal brain. We found 434 subtle but significant differences in the expression of four genes in the MPoA of Dom females 435 exposed to hybrid relative to conspecific placentas. Both Fmn1 (Formin1) and Caln1 436 (Calneuron1) were underexpressed. In the brain, Fmn1 is involved in the formation of adherens overexpressed in the MPoA exposed to hybrid placentas. The difference in expression, although 463 significant, was so small that the biological relevance is questionable. However, unlike other PSF 464 genes, expression of Ctsr in the maternal brain was unique to the hybrid pregnancy. 465 Interestingly, loss of the IG Peg3 leads to de-repression of several PSF members, including Ctsr, Paternal effects on the maternal brain 476 The hybrid placenta expresses both maternally derived (Dom) and paternally derived (Spret) 477 alleles. Thus, females pregnant with hybrids are exposed to gene products from a foreign 478 paternal genome. In Dom females exposed to hybrid placentas we found a substantial subset of 479 genes, including PSF genes and Drd3, with expression patterns that differed from Dom mothers 480 with conspecific litters, but closely matched those of Spret mothers. proposed players in both parental and mother-offspring conflicts (Trivers 1985; Haig 1996) . 513 Consistent with a history of antagonistic coevolution, PSFs in general are the fastest evolving 514 genes in the rodent placenta (Chuong et al. 2010) . We report a similar signature of selection on 515 three PSF genes that are co-expressed in the hybrid placenta and the maternal MPoA. 516 Trivers (1985) described placental hormones as the molecular equivalent of begging 517 calls. Here we show for the first time that the expression of Prls and other PSFs is highly 518 correlated between placenta and maternal brain. While the function of PSFs in the brain is 519 undefined, placental genotype-dependent differences between Dom females in the strength of the 520 correlation and the number of co-expressed genes indicate that the relationship is driven by the 521 placenta not the mother. Moreover, the Spret-like co-expression patterns of PSF genes in 522 mothers of litters sired by Spret males implicate the paternally inherited genome as the driver of 523 these placental begging calls, which are echoed in the maternal brain. Given that these patterns 524 of expression are consistent with parental conflict, it is noteworthy that the opportunity for sperm 525 competition (inferred from testis-body mass ratios) is higher in M. spretus than in M. m. Wolf and Hager 2006). Whether driven by conflict or coadaptation, it is clear that the placenta is 550 the mediator of these complex interactions between mother and offspring. Here we concentrated 551 on placental effects on the maternal brain during the final stages of pregnancy, when it is 552 believed to be a critical source of signal molecules that prime female physiology and behavior 553 for motherhood (Larsen and Grattan 2012; Bridges 2015). We found both hybrid placental 554 misexpression with the potential to disrupt maternal-fetal communication, and altered expression 555 in the brains of mothers exposed to hybrid placentas. Expression in the hybrid placenta seems to 556 be dominated by the maternally derived genome and/or driven by maternal effects. Maternal-557 placental communication genes co-expressed in maternal brain and placenta show elevated 558 evolutionary rates, consistent with antagonistic coevolutionary processes. The expression of a 559 proportion of transcripts of these genes from a foreign paternal genome in the placenta has the 560 potential to affect the maternal brain and alter maternal behavior. In addition to the effects of 561 placental disruption on the maternal brain, natural differences between the parental species in 562 this hybrid system suggest a previously undescribed influence of the paternal placental genome 563 on the maternal brain. These paternal effects on the maternal brain could play a major role in the (Spret X Dom) was attempted 25 times but was never successful. Prior to pairing, females were 577 placed in a cage with soiled conspecific male bedding for ~48 hrs to induce receptivity to mating 578 (Whitten 1956) . Mice were paired between 5:00 and 6:00 PM, left undisturbed for two nights, 579 and split on the morning of the second day. The second night was counted as embryonic day 0 580 (e0). Females were weighed after two weeks to confirm pregnancy but were otherwise left 581 undisturbed. Pregnant females (n=5/type of pregnancy) were euthanized by cervical dislocation 582 between 10:00 and 11:00 AM on embryonic day 17-18 (e17.5) and the maternal brain was 583 extracted. Embryos were separated from placentas and placentas were weighed, and the 584 maternally-derived decidual layer was removed as previously described (Qu et al. 2014 ) and 585 discarded. Only fetally-derived placental tissue was used in this study. All tissues were 586 transferred immediately to RNAlater (Thermo Fisher, USA), kept at 4°C overnight to allow 587 RNAlater perfusion, and stored at -20°C until microdissection and RNA extraction. Table S5 ). CodeML calculates evolutionary rates by 684 applying different models to an alignment and a phylogeny. To prepare the alignments, 
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For the CodeML codon frequency setting we used the setting with the best fit for each analysis 690 according to the preliminary likelihood ratio analysis. 691 To calculate individual evolutionary rates for each branch in the tree we used CodeML's 692 "free-ratio" model. This served as an initial indication as to which branches might show higher 693 evolutionary rates. After this, two models were computed: Model M0 "one ratio" in which all 694 branches were constrained to evolve at the same rate and MC "two-ratio" in which selected 695 branches are allowed to evolve at a different rate than the rest of the tree. Branches with 696 potentially higher evolutionary rate based on the "free-ratio" model result were marked as 697 foreground branches and were allowed to evolve differently from the background. To test if MC 698 provides a better fit for the data than M0 we performed Likelihood Ratio Tests. When MC 699 provided the better fit, and dN/dS calculated for the foreground branches was > 1 and dN/dS 700 calculated for the background branches was < 1, we inferred positive selection on the foreground 701 branches. When M0 provided the better fit and dN/dS for the whole tree was > 1, we inferred 702 positive selection for the whole tree (Yang 1998 ). 
